Introduction {#Sec1}
============

Cryo-electron microscopy (cryo-EM) has become a powerful technique for structural studies of macromolecular complexes and assemblies at near-atomic resolutions. Good alignment of the microscope, such as the gun, condensers, apertures, beam tilt, coma^[@CR1],[@CR2]^, astigmatism, *etc*., is a prerequisite to reaching optimal illumination lens and imaging lens conditions for high resolution TEM imaging. Currently, microscope alignments are still performed manually and rely on visual, qualitative feedback. Moreover, manual microscope alignment requires extensive training and experience but still often suffers from suboptimal efficiency and quality. Minimizing astigmatism of the objective lens is an indispensable daily instrument alignment task essential for high resolution TEM imaging.

Astigmatism of the objective lens represents the angular dependency of defocus. 2-fold astigmatism is the major type of astigmatism relevant to cryo-EM, which results in the elliptical elongation of Thon rings^[@CR3]^ in the power spectra of TEM images. Currently, many microscopists visually correct astigmatism at large magnifications and small defocuses, then switch to a lower magnification to collect data^[@CR4],[@CR5]^ and intentionally vary defocus to sample the entire reciprocal space and even-out the zero-nodes of the contrast transfer function (CTF)^[@CR6]--[@CR8]^. Similarly, many microscopists also use a magnification in the focus mode larger than that of the exposure mode during low-dose imaging. The implicit assumption of these strategies is that the astigmatism is invariant to the change of magnification and defocus. Conversely, other microscopists prefer to use the same magnification for astigmatism correction and in the focus mode as that used in the exposure mode during data collection. Unfortunately, there have been no systematic studies to test these two different opinions. In this study, our quantitative studies have conclusively shown the defocus/magnification dependence of astigmatism and validated the latter approach as the preferred method.

Due to the poor sensitivity of human eyes, microscopists have to rely on large magnifications and small defocuses when they visually examine the roundness of Thon rings in the 2D power spectra displayed on a computer screen and iteratively adjust the two objective lens stigmators (we use MX and MY to call the two stigmators as they are natural abbreviations of the Multi-functional knobs X and Y used to adjust the current of the two stigmators) to make the Thon rings as circular as possible. This tedious and subjective method is not only inaccurate and potentially biased by the astigmatism of human eyes, but also hampers the systematic quantification of the astigmatism variations for different magnifications/defocuses. To overcome this challenge, it is desirable to take advantage of a proper approach which can sensitively measure and accurately correct astigmatism at any imaging condition.

We have recently published a method, *s* ^*2*^ *stigmator* ^[@CR9]^, with a single-pass tuning strategy, that allows rapid and sensitive detection of astigmatism using TEM live images and can reliably and efficiently guide the user to manually adjust the two stigmators to correct astigmatism. This new method opens up possibilities to minimize astigmatism with real-time feedback at a wide range of imaging conditions that are not available by visual examination. As shown in Fig. [S1](#MOESM1){ref-type="media"}, the user would first adjust any one of the two stigmators (MX, MY) to find the optimal correction (points marked by blue arrows in Fig. [S1](#MOESM1){ref-type="media"}) that gives rise to minimal astigmatism in the arc-shaped trajectory; then adjust the other stigmator to linearly approach the center at which the astigmatism is zero. Both sequences of stigmator adjustment (MY first, then MX or MX first, then MY) are able to minimize astigmatism with the similar shape of trajectories with 45° angular offset (Fig. [S1](#MOESM1){ref-type="media"}), suggesting the two stigmators with 45° offset physically are functionally equivalent with the difference only in the direction of correction. In this article, we present systematic and quantitative investigations of astigmatism dependence on imaging conditions by employing *s* ^*2*^ *stigmator* to correct astigmatism and then measure the re-emerging of astigmatism after varying imaging conditions (defocus, magnification). Underlying physical principles are used to interpret the variability of astigmatism and its dependence on image conditions. Based on the findings of these studies, several recommendations are provided for instrument alignment and data acquisition to help maximally reduce astigmatism and improve high resolution imaging.

Results {#Sec2}
=======

Observations of defocus-dependent astigmatism in experimental cryo-EM data {#Sec3}
--------------------------------------------------------------------------

To examine the defocus-dependence of objective lens astigmatism, we first extracted the defocus and astigmatism parameters of the nine cryo-EM datasets as described in Methods Section and plotted the results in Fig. [1](#Fig1){ref-type="fig"}. It can be clearly seen that there are positive, linear correlations between astigmatism and defocus, providing evidence for defocus-dependent astigmatism in experimental cryo-EM data. It is worth pointing out that this correlation is a general phenomenon since it is observed in a wide variety of data, such as data from multiple research groups, microscopes in different facilities, a diversity of samples, and varying imaging conditions. As shown in Fig. [1](#Fig1){ref-type="fig"}, the variations of astigmatism for different defocuses are significant (e.g. \>100 nm) and distinct from dataset to dataset. Hence, it is desirable to comprehensively examine the dependence of astigmatism on imaging conditions (e.g. defocus, magnification) which are frequently changed in TEM alignment and during data acquisition.Figure 1Observations of the relationship between defocus and astigmatism in experimental cryo-EM datasets. The EMPIAR ID^[@CR15]^, instrument, and magnification are marked at the upper left corner of each plot. These datasets were collected by the cryo-EM facilities at the University of California, San Francisco (**A--C**), MRC Laboratory of Molecular Biology (**D**,**E**), Scripps Research Institute (**F**), New York Structural Biology Center (**G**), Rockefeller University (**H**), and HHMI Janelia Farm Research Campus (**I**), respectively.

Defocus-dependent astigmatism {#Sec4}
-----------------------------

After confirming that the astigmatism of objective lens could be accurately minimized using *s* ^*2*^ *stigmator* at a wide range of defocuses and magnifications (Figs [S2](#MOESM1){ref-type="media"}--[S3](#MOESM1){ref-type="media"}), we systematically investigated the dependence of astigmatism on defocus using live images of carbon film at room temperature. We first corrected the astigmatism at a specific defocus using *s* ^*2*^ *stigmator*, then measured the astigmatism with all other instrument parameters remaining constant while only the defocus was gradually altered with a fixed step size (e.g. 100 nm). Figure [2](#Fig2){ref-type="fig"} shows clear correlation between defocus and astigmatism for both Titan Krios (Fig. [2A--D](#Fig2){ref-type="fig"}) and CM200 (Fig. [2E--H](#Fig2){ref-type="fig"}) microscopes at a nominal magnification of 22,500× and 115,000×, respectively. At each defocus, the point and error bar represent the mean and RMSD of astigmatism from ten images, respectively. When the astigmatism is minimized at small, medium, and large defocus (red, green and blue lines in Fig. [2A,E](#Fig2){ref-type="fig"}), astigmatism linearly increases as the defocus is continuously increased/decreased from the starting defocus used for astigmatism correction. Apparently, the slopes of the lines from CM200 (Fig. [2E](#Fig2){ref-type="fig"}) are much larger than those from Titan Krios (Fig. [2A](#Fig2){ref-type="fig"}), implying the dependence of astigmatism on defocus for CM200 is much more severe than that for Titan Krios. Furthermore, polar plots were used to show the raw data distribution of the astigmatism used for the line graphs with the same colors. Figure [2B--D](#Fig2){ref-type="fig"} present the polar distribution of astigmatism with varying defocus when the astigmatism is corrected at small (Fig. [2B](#Fig2){ref-type="fig"}), medium (Fig. [2C](#Fig2){ref-type="fig"}), and large defocus (Fig. [2D](#Fig2){ref-type="fig"}) on Titan Krios, corresponding to the red, green, and blue line in Fig. [2A](#Fig2){ref-type="fig"}, respectively. It is evident that the astigmatism angle stably points to a certain direction as the astigmatism amplitude gradually increases due to the monotonically ascending (Fig. [2B](#Fig2){ref-type="fig"}) or descending defocus (Fig. [2D](#Fig2){ref-type="fig"}). Figure [2C](#Fig2){ref-type="fig"} shows that the astigmatism angle changes about 90° when defocus changes bi-directionally after astigmatism minimization. The 90° angle change corresponds to the swapping of the major and minor axes of astigmatism. Similar distributions can also be seen from the raw data acquired on CM200 (Fig. [2F--H](#Fig2){ref-type="fig"}) but with larger increase of astigmatism than that on Titan Krios (Fig. [2B--D](#Fig2){ref-type="fig"}). In addition, we observed that the distributions of astigmatism due to the bi-directional change of defocus have similar profiles whether the initial astigmatism is minimized (red points in Fig. [3](#Fig3){ref-type="fig"}) or not (blue points in Fig. [3](#Fig3){ref-type="fig"}). Therefore, all the analyses above demonstrate the general existence of defocus-dependent astigmatism in the objective lens of TEM.Figure 2Defocus-dependent astigmatism. (**A**) The increment of astigmatism with the change of defocus on Titan Krios microscope when the astigmatism is corrected at small (red), medium (green) and large (blue) defocus, respectively. (**B--D**) The polar distribution of all data obtained from Titan Krios microscope when the astigmatism is corrected at small (**B**), medium (**C**) and large (**D**) defocus, corresponding to the line with the same color in (**A**), respectively. (**E**) The increment of astigmatism with the change of defocus on CM200 microscope obtained from the same experiment described in (**A**). The correlation between (**E**) and (**F**--**H**) is the same as that between (**A**) and (**B**--**D**). In the line plots (**A**,**E**), the point and error bar at each defocus represent the mean and RMSD of astigmatism from ten images, respectively. Figure 3Comparison of defocus-dependent astigmatism with the initial astigmatism minimized or with residual initial astigmatism. The increases of astigmatism with the bi-directional change of defocus on CM200 microscope are shown when the starting astigmatism is minimized (red points) or not minimized (blue points). The initial defocus is around 8000 nm and the range of defocus variation is around 7000 nm in both directions. The image collection strategy is the same as the data shown in Fig. [2G](#Fig2){ref-type="fig"}.

For a comprehensive understanding of defocus-dependent astigmatism, we repeated our measurement on different days and compared the variation of astigmatism. As shown in Fig. [4A and E](#Fig4){ref-type="fig"}, the slopes of lines are not identical even for the measurements made using the same conditions, demonstrating the amount of dependence varies from day to day on both Titan Krios (Fig. [4A](#Fig4){ref-type="fig"}) and CM200 (Fig. [4E](#Fig4){ref-type="fig"}) microscopes. What's more, much more pronounced differences in the astigmatism angles were shown in the data collected on different days (Fig. [4](#Fig4){ref-type="fig"}). The differences indicate that the distribution of defocus-dependent astigmatism cannot be exactly reproduced even though the defocus is adjusted in the same way. This irreproducibility can be observed from the data collected on both Titan Krios (Fig. [4A--D](#Fig4){ref-type="fig"}) and CM200 (Fig. [4E--H](#Fig4){ref-type="fig"}) whether the astigmatism was initially corrected at small defocus (Fig. [4A--D](#Fig4){ref-type="fig"}) or large defocus (Fig. [4E--H](#Fig4){ref-type="fig"}). Consequently, the comparison of the repetitive measurements confirms the variability of defocus-dependent astigmatism in the objective lens of TEM.Figure 4Variability of defocus-dependent astigmatism. (**A**) The profile of astigmatism increment as defocus increases on Titan Krios microscope when the astigmatism is minimized at small defocus on three different days. (**B--D**) The polar distribution of all data from the repeated experiments on Titan Krios microscope described in (**A**). Each polar distribution corresponds to the line with the same color as in (**A**). (**E**) The profile of astigmatism increment as defocus decreases on CM200 microscope when the astigmatism is minimized at large defocus on three different days. The correlation between (**E**) and (**F**--**H**) is the same as that between (**A**) and (**B**--**D**). In the line plots (**A**,**E**), the point and error bar at each defocus represents the mean and RMSD of astigmatism from ten images, respectively.

Magnification-dependent astigmatism {#Sec5}
-----------------------------------

We also used *s* ^*2*^ *stigmator* to investigate the dependence of astigmatism on magnification and to test the implicit assumption of invariant astigmatism at different magnifications for the practice of using a higher magnification for correction of astigmatism than that for data acquisition. We first corrected astigmatism at a nominal magnification of 96,000× on Titan Krios and 250,000× on CM200 microscope, respectively, then measured the astigmatism as the magnification was stepwise reduced while keeping all other instrument parameters unchanged. Figure [5](#Fig5){ref-type="fig"} shows the change of astigmatism/defocus with magnification for Titan Krios and the variability of this change across multiple measurements. At each magnification, we collected twenty images, plotted the distribution of astigmatism in polar coordinate (Fig. [5A--C](#Fig5){ref-type="fig"}), and then calculated their mean and RMSD of astigmatism (blue line)/defocus (red line) represented as points and error bars (may be too small to be visible) in Fig. [5D--F](#Fig5){ref-type="fig"}. When repeating the measurements on Titan Krios, the changes of defocus (red lines in Fig. [5D--F](#Fig5){ref-type="fig"}) followed a similar pattern, but the profiles of both astigmatism amplitude (blues lines in Fig. [5D--F](#Fig5){ref-type="fig"}) and astigmatism angle (Fig. [5A--C](#Fig5){ref-type="fig"}) were irreproducible. Similar results were also found for CM200 (Fig. [6](#Fig6){ref-type="fig"}) in which the defocus tends to increase with lower magnifications (red lines in Fig. [6D--F](#Fig6){ref-type="fig"}), rather than decrease as shown for Titan Krios (red lines in Fig. [5D--F](#Fig5){ref-type="fig"}). All these data demonstrate the existence of magnification-dependent astigmatism and its stochastic fluctuations for both high-end and low-end TEM.Figure 5Magnification-dependent astigmatism detected on Titan Krios microscope. (**A**--**C**) Plots of astigmatism polar distribution with stepwise reduction of magnifications in three repeated measurements in a single day when the astigmatism is corrected at a nominal magnification of 96,000×. (**D**--**F**) The profiles of the variations of astigmatism (blue line) or defocus (red line) with the change of magnifications, corresponding to the measurements in (**A**--**C**). At each magnification, twenty images were collected and their astigmatisms and defocuses were calculated. The point and error bar represent the mean and RMSD of astigmatism in the blue line or defocus in the red line, respectively. The error bar may be too small to be visible in the line plot. Figure 6Magnification-dependent astigmatism detected on CM200 microscope. The measurements are the same as described in Fig. [5](#Fig5){ref-type="fig"}. The only difference being that the astigmatism is corrected at a nominal magnification of 250,000× on the CM200.

Discussion {#Sec6}
==========

In contrast to the dramatic progress in the automated cryo-EM data acquisition and image processing methods, little has changed for the microscope alignment tasks before data acquisition. In this paper, inspired by the observations of defocus-astigmatism correlations in experimental cryo-EM datasets (Fig. [1](#Fig1){ref-type="fig"}), we have discovered the defocus/magnification-dependence of objective lens astigmatism and their stochastic variability using our recently published tool *s* ^*2*^ *stigmator*. These findings have essentially invalidated a basic assumption of a current cryo-EM imaging strategy that assumes constant astigmatism for the significantly different defocuses/magnifications used in microscope alignment stage and final data acquisition stage.

Vector summation model of the net astigmatism and the single pass tuning strategy {#Sec7}
---------------------------------------------------------------------------------

As shown here (Figs [S1](#MOESM1){ref-type="media"}--[S3](#MOESM1){ref-type="media"}) and in our previous work^[@CR9]^, *s* ^*2*^ *stigmator* can help achieve accurate correction of objective lens astigmatism at any imaging condition using a single pass tuning strategy. Understanding the principle of this single-pass tuning strategy will help further unveil the underlying theory of astigmatism variations with imaging parameters. Figure [7](#Fig7){ref-type="fig"} illustrates the vector diagrams (Fig. [7B--D](#Fig7){ref-type="fig"}) of three key points in a typical trajectory (Fig. [7A](#Fig7){ref-type="fig"}), including the initial point (⓪ in Fig. [7A](#Fig7){ref-type="fig"}), the optimal point (➀ in Fig. [7A](#Fig7){ref-type="fig"}) in the arc-like segment when tuning the first stigmator (e.g. MY), and the final point at the center (➁ in Fig. [7A](#Fig7){ref-type="fig"}) after tuning the other stigmator (e.g. MX). The corresponding stigmator MX/MY values are labelled in parentheses next to the circled numbers. In Fig. [7B](#Fig7){ref-type="fig"}, $\documentclass[12pt]{minimal}
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Defocus-dependent astigmatism {#Sec8}
-----------------------------

During single particle cryo-EM image acquisition, the defocuses for different images are intentionally varied to average out the effect of zero-nodes of CTF and obtain signals at all frequencies^[@CR6]--[@CR8]^. Nevertheless, the discovery of defocus-dependent astigmatism in published experiment datasets (Fig. [1](#Fig1){ref-type="fig"}) and tests here (Figs [2](#Fig2){ref-type="fig"}--[3](#Fig3){ref-type="fig"}) implies a significant problem of re-emerging astigmatism in this imaging strategy. Figure [8](#Fig8){ref-type="fig"} uses vector diagrams to explain the case of corrected astigmatism (Fig. [8A](#Fig8){ref-type="fig"}), and the re-emerged astigmatism after increasing (Fig. [8B](#Fig8){ref-type="fig"}) and decreasing (Fig. [8C](#Fig8){ref-type="fig"}) defocus. As can been seen from Fig. [8A](#Fig8){ref-type="fig"}, the total summation vector $\documentclass[12pt]{minimal}
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Quantification of objective lens asymmetry {#Sec9}
------------------------------------------

In the line plots from the Titan Krios (Fig. [2A](#Fig2){ref-type="fig"}) and CM200 (Fig. [2E](#Fig2){ref-type="fig"}), it is evident that the slopes of the linear trends are different for the two instruments. The slope measures how strong the dependence of astigmatism on defocus is and should be proportional to the scaling factor *k* ~*obj*~ in Eq. ([1](#Equ1){ref-type=""}). For a perfectly round lens *k* ~*obj*~ is equal to 0 and as asymmetry of the lens increases, the *k* ~*obj*~ becomes larger. Therefore, we can use *k* ~*obj*~ as a parameter to quantify the quality of a TEM magnetic lens in terms of its cylindrical symmetry. A lens with smaller *k* ~*obj*~ will be desirable. Using this criterion, the objective lens of the Titan Krios microscope is more cylindrical than that of CM200 microscope. This is consistent with the common understanding of current generation Titan Krios as a higher quality TEM than the CM200 microscope which was produced more than two decades ago. We propose that the defocus-dependent plots of astigmatism as shown in Fig. [2A and E](#Fig2){ref-type="fig"} are convenient measurements of the asymmetry level of the objective lens of a TEM instrument. Such quantitative measurements can be useful in several applications. For example, it can be used as one of the acceptance tests after the installation of a new TEM instrument. It can also be used to monitor the performance of the objective lens and to detect potential deterioration, for example, caused by a large contamination in the objective lens area.

Stochastic variations of defocus-dependent astigmatism {#Sec10}
------------------------------------------------------

The defocus-dependent astigmatism, including both the slope and the direction, was found to vary in our data (Fig. [4](#Fig4){ref-type="fig"}) when the same measurement was repeated after two-weeks. While the astigmatism of objective lens ($\documentclass[12pt]{minimal}
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                \begin{document}$${\overrightarrow{V}}_{obj}$$\end{document}$) is considered stable within a short period time (a few hours to one or two days), it is also well-known that astigmatism tends to vary. As a result, it is a common practice to check and re-correct astigmatism as one of the daily-instrument alignment tasks. Our measurements (Fig. [4](#Fig4){ref-type="fig"}) have thus quantitatively verified the variability and validated the need for daily correction of astigmatism. Such variability can also be explained using the vector summation model (Fig. [9](#Fig9){ref-type="fig"}). $\documentclass[12pt]{minimal}
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                \begin{document}$${\overrightarrow{e}}_{obj}$$\end{document}$ and *k* ~*obj*~, such as objective lens asymmetry due to imperfect manufacturing processes, electronic instability of the voltage and power supplies, column contaminations, temperature fluctuations of the objective lens chilling water, *etc*.^[@CR13]^.Figure 9Vector diagram to interpret the variability of defocus-dependent astigmatism shown in Fig. [4](#Fig4){ref-type="fig"}. Here the vector representing the astigmatism of the objective lens ($\documentclass[12pt]{minimal}
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Magnification-dependent astigmatism {#Sec11}
-----------------------------------

In addition to the defocus-dependent astigmatism, magnification-dependent astigmatism was also observed (Figs [5](#Fig5){ref-type="fig"}--[6](#Fig6){ref-type="fig"}). This implies that noticeable astigmatism would re-emerge during data collection if a different magnification is used for the correction of astigmatism during instrument alignment. Compared with the variability of astigmatism due to defocus, the astigmatism dependence on magnification is even more variable. When the same test was repeated three times on Titan Krios on the same day, the distribution of astigmatism at different magnifications is considerably different in both amplitude and angle (Fig. [5A--C](#Fig5){ref-type="fig"}). In the line plot for each measurement, the profile of astigmatism variation appears random in different tests (blue lines in Fig. [5D--F](#Fig5){ref-type="fig"}) while the profile of defocus variation is much more reproducible (red lines in Fig. [5D--F](#Fig5){ref-type="fig"}). Similar observations were obtained for both Titan Krios (Fig. [5](#Fig5){ref-type="fig"}) and CM200 (Fig. [6](#Fig6){ref-type="fig"}), which indicates that the defocus change is stable but the astigmatism change is unpredictable.

Modern TEM instruments usually use multiple imaging lenses, including an objective lens, a diffraction lens, an intermediate lens, and two projector lenses, to provide a wide range of magnifications. The astigmatism measured in the TEM image is a combined result of the astigmatism of all these lenses. The two stigmators actually correct the combined astigmatism of all these imaging lenses. When the magnification is changed, the current of all or a subset of these lenses would change, which leads to the change of individual lens astigmatism (Eq. ([1](#Equ1){ref-type=""})) and the combined astigmatism. As the stigmators have been tuned to correct the combined astigmatism at a particular magnification, the change of magnification will thus lead to re-emerging of astigmatism in the image at a different magnification. Since the currents of these lenses need to be changed in a non-linear pattern to achieve rotation-free imaging at multiple total magnifications, the combined astigmatism thus also varies in a non-linear pattern (Figs [5](#Fig5){ref-type="fig"}--[6](#Fig6){ref-type="fig"}). The irreproducibility of the profile of magnification-dependent astigmatism are likely caused by some random factors, such as column contaminations. Since the change of any one of the five lenses will change the combined astigmatism, it is thus not surprising the irreproducibility of the profile of magnification-dependent astigmatism is significantly worse than the irreproducibility of the profile of defocus-dependent astigmatism that is only affected by a single lens, the objective lens. In contrast, the profile of magnification-dependent defocus is more reproducible than that of magnification-dependent astigmatism as the pattern of current change is the same and the focus length of the lenses is more resistant to the random factors affecting the lens astigmatism.

Recommendations for optimal TEM operations {#Sec12}
------------------------------------------

The astigmatism of TEM images has been shown here to vary with changes in imaging conditions (e.g. defocus, magnification), indicating that correction of astigmatism at high magnification and near-focus conditions by the current approach will not be optimal after switching to different conditions for data acquisition. What's worse, the dependence of astigmatism on the imaging conditions varies from time to time, so that astigmatism cannot be reliably compensated by pre-calibration of the instrument. Although post-imaging computational CTF correction has now become a common practice, the community-wide CTF Challenge^[@CR14]^ has found that it is still more challenging to reliably and accurately fit the astigmatism than the average defocus. To aim at best quality results for each step and to avoid accumulation of issues in early steps that must be rescued by later steps, it is thus desirable to minimize the astigmatism during data collection. Based on our systematic measurements and analyses in this work, we suggest that (1) the magnification used for astigmatism correction during instrument alignment should be the same as the one used for data collection; (2) the defocus used for correction of astigmatism during instrument alignment should be set at the median defocus of the defocus range intended for subsequent data collection; (3) the focus-mode in the search-focus-exposure iterations of low-dose imaging should use the same magnification that is used for the exposure mode. Additionally, there are other factors such as stage and sample grid position that also lead to the variation of astigmatism, especially when the conductivity of materials in the imaging area is poor and local charging is induced. To optimally correct the astigmatism for images taken at different defocuses for different sample areas, a fast, accurate and automated method needs to be developed to avoid the defocus-dependent astigmatism by adaptively correcting the astigmatism at all focuses.

Methods {#Sec13}
=======

Experimental cryo-EM datasets for initial test {#Sec14}
----------------------------------------------

Our study started with nine datasets of experimental cryo-EM micrographs obtained from the public database EMPIAR^[@CR15]^. For each dataset, we downloaded the particle parameter star file deposited by the authors (Fig. [1A--H](#Fig1){ref-type="fig"}) or generated such a file using *Gctf* (Fig. [1I](#Fig1){ref-type="fig"})^[@CR16]^ and then examined the correlation between defocus and astigmatism using the values included in the star files.

Data collection for the study of defocus-dependent astigmatism {#Sec15}
--------------------------------------------------------------

Next, the defocus-dependence of astigmatism was examined using live images of carbon film obtained on our CM200 microscope at 200 kV and FEI Titan Krios at 300 kV, and recorded on a Gatan US4000 CCD and K2 Summit camera, respectively. We minimized the objective lens astigmatism at small, medium and large defocuses using our *s* ^*2*^ *stigmator* tool, then increased or decreased defocus from the starting defocus used for astigmatism correction. At each defocus, ten images were collected and the defocuses, astigmatisms were calculated to obtain their mean and root-mean-square deviation (RMSD) values. The same experiment was repeated on different days to explore the reproducibility of defocus-dependence of astigmatism.

Data collection for the study of magnification-dependent astigmatism {#Sec16}
--------------------------------------------------------------------

Finally, the magnification-dependence of astigmatism was examined using the same sample and instrument as described above. To emulate the change of magnification used for astigmatism correction and data collection, we minimized the astigmatism at a high magnification using *s* ^*2*^ *stigmator*, then successively lowered the magnifications. At each magnification, twenty images were collected, and their mean and RMSD of astigmatism and defocus were computed. In addition to the magnification-dependence of astigmatism, magnification-dependence of defocus was also simultaneously examined using the same set of data. The same measurement was also repeated multiple times to detect the stability of the relationship between astigmatism and magnification.

The magnifications were calibrated using polycrystalline gold sample grids. The anisotropic magnification distortion^[@CR17],[@CR18]^ was corrected from the live images according to the previously determined parameters before the astigmatism was calculated.

Data availability {#Sec17}
-----------------

All data generated or analyzed during this study are included in this published article (and its Supplementary Information files).
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